The growth and development of plants is regulated by light via the action of photoreceptors which are responsive to the red/far-red, blue and UV regions of the spectrum. Phytochrome B (the apoprotein of which is encoded by the PHYB gene) is one of the red/farred absorbing photoreceptors active in this process. In this paper, the isolation and characterization of three new EMS-induced mutations of Arabidopsis which confer phytochrome B deficiency are described. Complementation analysis showed that these mutations (phyB-101, phyB-102 and phyB-104) were allelic with PHYB. DNA sequence analysis showed that all three mutants contain nucleotide substitutions in the PHYB gene sequence. phyB-101 carries a nucleotide substitution within the second exon of the PHYB gene. This G-to-A substitution is a missense mutation that converts a glutamate residue at position 812 of the phytochrome B apoprotein to a lysine residue. phyB-102, another missense mutant, carries a C-to-T substitution which converts a serine residue at position 349 of the phytochrome B apoprotein to a phenylalanine residue. phyB-104 carries a premature stop codon as a result of a G-to-A mutation 1190 bp downstream of the ATG start codon of the PHYB sequence. The missense mutations in phyB-101 and phyB-102 cause significant alterations in the predicted secondary structure of their respective mutant polypeptides, and identify amino acid residues playing crucial roles in phytochrome B function, assembly or stability.
Introduction
Plant growth and development is highly responsive to environmental change, especially to changes in the light environment. Phytochrome is the best characterized of the several classes of photoreceptor that mediate light responses. Such responses include seed germination, chloroplast development, leaf expansion, regulation of gene expression, inhibition of cell elongation and photoperiodic control of flowering (Cone and Kendrick, 1985; Gilmartin et al., 1990; Chory, 1991; Goto et al., 1991; Reed et al., 1993) . The phytochrome molecule is a dimeric structure, consisting of two phytochrome apoprotein monomers, to each of which is attached a prosthetic linear tetrapyrrole chromophore. Phytochrome can be interconverted by light between red light (R) and far-red light (FR) absorbing forms (respectively P r and P fr ) via a photoactivated isomerization of the chromophore, together with associated changes in protein structure (Rudiger, 1986) . Recently, it has been shown that plants possess several distinct phytochrome species which differ in respect of the apoprotein of which they are composed. Thus the phytochrome apoprotein is encoded by a small gene family, which in Arabidopsis comprises the genes PHYA, PHYB, PHYC, PHYD, and PHYE (Sharrock and Quail, 1989; Clack et ai, 1994; Cowl et ai, 1994) . PHYA encodes the apoprotein component of a light-labile phytochrome species, phytochrome A, that predominates in etiolated seedlings, but is rapidly degraded in the light. PHYB encodes the apoprotein of the most abundant light-stable phytochrome species, phytochrome B.
Much of what is known about the relationship between the structure and function of phytochrome is based on investigations using phytochrome A prepared from etiolated oat seedlings. Proteolytic degradation studies have defined oat phytochrome A into two structural domains that are linked by an exposed, potentially flexible, hinge. An N-terminal 69-72 kDa domain contains the chromophore and its attachment site, and retains native spectral activity when separated from the rest of the molecule (Jones et al., 1985) . In isolation, this domain is able to assemble with the chromophore and retains its ability to interconvert between P r and P fr . The chromophore attachment region is defined by a highly conserved 11 amino acid residue sequence (between residues 315 and 325), with the cysteine residue at position 321 forming the thioether linkage with the chromophore (Quail et al., 1991) . A second, 52-55 kDa, C-terminal domain contains two regions, defined by amino acid residues 623 and 673 and 1049 and 1094, which appear to be involved in dimerization of phytochrome monomers (Vierstra and Quail, 1986; Cherry et al, 1993) . The C-terminus also appears to carry sequences necessary for phytochrome function. Deletion of 35 amino acids from the C-terminal end of oat phytochrome A abolishes its biological activity in transgenic plants overexpressing the truncated construct (Cherry et al., 1993) . However, the functional role of this C-terminal region remains unknown. It may be important in maintaining protein structure or it may play a more direct role in the interaction between phytochrome and its associated signal transduction components.
Although much can be inferred from comparison with the above studies of phytochrome A, there is little data available concerning the relationship between structure and function of phytochrome B. One way to study the structure and function of these different phytochrome species is through the analysis of phytochrome A-(phyA) and phytochrome B-(phyB) deficient mutants of Arabidopsis (Quail et al., 1994 (Quail et al., , 1995 Whitelam and Harberd, 1994) . phyA mutants have elongated hypocotyls in continuous FR, but not in continuous R or white light (W) (Dehesh et al., 1993 , Nagatani et al., 1993 Parks and Quail, 1993; Whitelam et al., 1993; Johnson et al., 1994; Reed et al., 1994) . In contrast, phyB mutants have elongated hypocotyls in W and R, but not in continuous FR (Koornneef et al., 1980; Reed et al., 1993) . In addition, phyB mutants display impaired de-etiolation, shade avoidance responses and photoperiodic perception (Nagatani et al., 1991; Reed et al., 1993) . By screening for Arabidopsis mutants which display elongated hypocotyls in W and R, but not in FR, several mutant lines containing new phyB mutant alleles were isolated. By determination of the DNA sequence of the PHYB genes from these phyB mutants it is shown that a serine-tophenylalanine substitution at residue 349 and a glutamateto-lysine substitution at residue 819 of the phytochrome B apoprotein each result in a reduction in phytochrome B activity.
Materials and methods

Mutant screening and plant growth conditions
Arabidopsis thaliana seeds were surface-sterilized as described previously , then placed on GM medium (Valvekens et al., 1988) . After 4d chilling at 4°C the seeds were germinated and grown in a growth room under a 16 h light/8 h dark cycle at a constant temperature of 20 °C. Light was provided by a single 70 W fluorescent lamp situated approximately 40 cm away from the plants. M2 ethyl methane sulphonate (EMS) mutagenized Arabidopsis thaliana Landsberg erecta seed was obtained from Lehle Seeds (Tucson, USA). Selected mutants (identified as plants displaying an elongated hypocotyl) were transplanted into soil (2 parts Levington's M3 potting compost: 1 part grit), grown in standard glasshouse conditions, and allowed to set seed. Mutant lines were bulked up for subsequent analysis by planting M3 seed in soil, growing the plants in the greenhouse, and harvesting M4 seed material.
Oetermination of PHYB DAM sequences
Plant DNA was isolated as described previously (Bradley et al., 1995) . Approximately 1 ^g of plant genomic DNA was mixed with 1 fiM of each oligonucleotide primer, 50 fiM dNTPs, lxPCR buffer (0.5 mM MgCl 2 , 10 mM TRIS-HC1 pH 8.3, 50 mM KC1, 0.01% (w/v) gelatin) and 1 unit of 'AmpliTaq' enzyme (Perkin-Elmer Ltd., UK) in a final volume of 50 fi\, layered with a drop of mineral oil. The oligonucleotide primers used in the amplification of PHYB were from a series of PHYB specific oligonucleotides made on a 'Gene Assembler Plus' oligosynthesizer (Pharmacia Ltd., UK) according to the manufacturer's instructions (for details see Bradley et al., 1995) . PCR reactions were performed in a 'Programmable Thermal Controller 1 (MJ Research, Inc., Genetic Research Instrumentation Ltd., UK). PCR conditions were 94 °C for 1 min, 55 °C for 2 min and 72 °C for 3 min for 30 cycles followed by a 5 min extension period at 72 °C. PCR products were separated on a 1-1.8% (w/v) agarose gel and purified using a 'GeneClean II' kit (Stratech Scientific Ltd., UK). The isolated PCR products were then cloned into the pCR™TA vector using the TA Cloning™ Kit (Invitrogen, UK). The clones were sequenced using the dideoxy sequencing method of Sanger et al. (1977) , modified by Murphy and Ward (1990) .
Predichon of secondary structure of mutant phytochrome B apoproteins
Predictions of the secondary structures of segments of wild type and mutant phytochrome B apoproteins were made using the Chou-Fasman and Gamier algorithms (Chou and Fasman, 1978; Gamier et al., 1978) . The predictions from the Gamier algorithm are presented here since the correlations between actual protein secondary structure and that predicted are higher with the Gamier than with the Chou-Fasman method (Chou and Fasman, 1978; Kabsch and Sander, 1983) .
Results
Isolation of phyB mutants
EMS-mutagenized M2 Arabidopsis thaliana Landsberg erecta seeds were germinated and grown under W/dark cycles. Mutant seedlings displaying elongated hypocotyls were identified and transplanted to the greenhouse. Each new mutant line was then crossed with plants homozygous for the phyB-1 mutation (Koornneef et al., 1980; Quail et al., 1994) . Those new mutant lines that failed to complement phyB-1 contained novel phyB alleles. As expected, these new phyB mutants displayed an elongated hypocotyl in W and R, but not in FR (data not shown). Nine new, independent phyB alleles were isolated from a screen of approximately 130000 M2 seed. The DNA sequences of the PHYB gene frorn three of these alleles, phyB-101, phyB-102 and phyB-104 were determined, and are described in this paper. The DNA sequence of the PHYB gene from another mutant, phyB-103, was described in a previous publication (Bradley et al., 1995) . The PHYB gene sequences from the remaining five phyB alleles have yet to be determined.
Detection ofnucleotide substitutions in the PHYB gene of the new phyB mutants
In order to determine the molecular basis of the novel phyB mutations the PHYB genes from wild-type (PHYB; Landsberg erecta) and from phyB-1, phyB-101, phyB-102, and phyB-104 were amplified using the polymerase chain reaction (PCR). As described previously (Bradley et al., 1995) , 4.4 kb of genomic PHYB sequence was amplified as a set of three overlapping fragments, using oligonucleotide primers derived from the PHYB cDNA sequence (Sharrock and Quail, 1989) . One fragment (Bl), spans 1565 base pairs (bp) at the 5' end of PHYB, including 75 bp upstream of the AUG start codon. Fragment B2 spans 1684 bp of the middle portion of PHYB. The 3' end of PHYB is covered by fragment B3, which is 1394 bp in size and ends 238 bp downstream of the PHYB stop codon. The Bl, B2 and B3 PCR products were then cloned into the TA vector (see Materials and methods). A series of oligonucleotides, spanning the coding region of PHYB on both strands, were synthesized for use as primers in DNA sequencing reactions (Sharrock and Quail, 1989; Bradley et al., 1995) . Using these primers, the DNA sequences of the cloned Bl, B2 and B3 fragments from PHYB, phyB-1, phyB-101, phyB-102, and phyB-104 were determined. The sequences obtained were compared with one another and with the published PHYB (Landsberg erecta) and phyB-1 sequences . In order to eliminate sequence differences due to the incorporation of inappropriate nucleotides by the polymerase during PCR any sequence discrepancies were verified by direct sequencing of the uncloned PCR product and/or sequencing of the cloned product of a second, independent PCR reaction.
The PHYB gene sequences of PHYB and of phyB-1 were identical to the published sequences ; data not shown), thus confirming these sequences and validating the experimental methods. As summarized in Table 1 , nucleotide substitutions were identified in the PHYB genes of each of phyB-101, phyB-102 and phyB-104. phyB-101 contains a G-to-A nucleotide substitution 2522 bp downstream of the PHYB ATG start codon. This substitution was found in the cloned products of two independent PCR reactions. phyB-102 contains a C-to-T substitution 1046 bp downstream of the PHYB ATG start codon. This substitution was found in all three phyB-102 Bl TA clones examined and also in a sequence obtained directly from the phyB-102 Bl PCR product. phyB-104 contains a C-to-A nucleotide substitution 1190bp downstream of the PHYB ATG start codon. This substitution was found in the cloned products of two independent PCR reactions.
phyB-101, phyB-102 and phyB-104 encode mutant phytochrome B apoproteins
The predicted effects of the phyB-101, phyB-102 and phyB-104 alleles on the primary structure of the phytochrome B apoproteins which they encode are shown in Fig. 1 . phyB-101 carries a missense mutation that results in a substitution of a lysine (lys; K) for a glutamate (glu; E) residue at position 812 of the amino acid sequence of the phytochrome B apoprotein. phyB-102 also carries a missense mutation that results in a substitution of a phenylalanine (phe; F) for a serine (ser; S) residue at position 349 of the amino acid sequence of the phytochrome B apoprotein. Finally, phyB-104 carries a nonsense mutation that converts a UGG codon encoding the tryptophan (trp; W) at position 397 of the phytochrome B apoprotein to a UAG stop codon.
A previous report describes the identification of the missense mutation phyB-4 (formerly hy3-4-117; Reed et al., 1993) . The likely effects of the missense mutations phyB-4, phyB-101 and phyB-102 on the secondary structure of the proteins which they encode were analysed G-to-A 2522 C-to-T 1046 G-to-A 1190 glu-to-lys 812 ser-to-phe 349 trp-to-UAG 397
•Position in the PHYB coding sequence (Sharrock and Quail, 1989 ) with respect to the ATG start codon; A = 1.
"Position in the predicted PHYB polypeptide (Sharrock and Quail, 1989 ) with respect to the start methionine (=» 1). Fig. 1 . Predicted effects of the nucleotide substitutions in the phyB alleles on the primary structure of the phytochrome B apoprotein. The PHYB gene is shown (5' to 3', left to nght) with exons shown as thick blocks and introns, 5' and 3' non-coding sequence shown as narrow lines The positions and nature of the mutations described in this paper and in Bradley et al. (1995) (above) and previously (below; Reed et al., 1993) are as indicated.
using the Chou-Fasman (data not shown) and Gamier algorithms (Chou and Fasman, 1978; Gamier et al., 1978) . phyB-4 converts a histidine residue (his; H) at position 283 of the phytochrome B apoprotein into a tyrosine residue (tyr; Y; Fig. 1 ). The Gamier algorithm predicts that the secondary structure of the phytochrome B protein encoded by phyB-4 is not altered with respect to that of the wild-type protein, although the tyrosine for histidine substitution does result in an alteration in the hydrophobicity of this region (data not shown). The Chou-Fasman algorithm predicts that the amino acid substitution in the protein encoded by phyB-4 results in a small break in an a-helical region containing the affected amino acid (data not shown). However, these effects on predicted protein secondary structure are relatively small compared to those due to phyB-101 and phyB-102 (see below). Both algorithms predict major changes in the secondary structure of the mutant polypeptides encoded by these alleles. phyB-101 converts a negatively charged glu residue at position 812 of the phytochrome B apoprotein into a positively charged lys residue (Fig. 1) . As shown in Fig. 2 , the secondary structure prediction (Gamier algorithm) indicates that this substitution will abolish a region of /3 turn structure and replace it with ahelices. phyB-102 converts a polar, but uncharged, ser residue at position 349 of the phytochrome B apoprotein into a hydrophobic phe residue (Fig. 1) . As shown in Fig. 3 , the secondary structure prediction (Gamier algorithm) indicates that this substitution will add an extra turn to a region of /3 sheet structure. Thus the phyB-101 and phyB-102 mutations are likely to have a significant effect on the secondary structures of the mutant proteins that they encode.
Discussion
Three new EMS-induced phyB mutant alleles, phyB-101, phyB-102 and phyB-104 have been isolated. Each mutant allele contains a single nucleotide substitution, making two missense mutations (phyB-101, phyB-102) and a premature stop codon mutation (phyB-104). These new mutant alleles confer a phyB mutant phenotype (elongated hypocotyl in W and R) that is not obviously different from that conferred by the phyB-1 reference allele ; data not shown). phyB-104 carries a G-to-A mutation at position 1190 of the PHYB sequence, which converts a codon encoding a trp residue (at position 397 in the amino acid sequence) to a stop codon UAG (Table 1 , Fig. 1) . Interestingly, the phyB-9 allele also converts trp 397 to a stop codon (UGA), through substitution of G-for an A nucleotide at position 1191 of PHYB .
The missense mutations phyB-101 and phyB-102 have significant effects on the predicted secondary structure of the phytochrome B apoprotein. Secondary structure predictions, by their nature, can only give a rough idea of the likely secondary structural features of a polypeptide. In addition, these predictions do not take into account the effect on secondary structure of the chromophore attachment and its state of isomerization, both of which are known to affect phytochrome protein structure (RQdiger, 1986; Romanowski and Song, 1992) . However, despite these caveats, it seems likely that the phyB-101 and phyB-102 mutations confer their phenotypes because they encode mutant phytochrome B apoproteins with disrupted secondary structures. The amino acid substitution (H-to-Y at 283) conferred by phyB-4 has little effect on the secondary structure of the first domain of the phytochrome B apoprotein. However, H 283 is identical in all of PHYA, PHYB, PHYC, PHYD, and PHYE (Sharrock and Quail, 1989; Quail et al., 1991; Reed et al., 1993; Clack et al., 1994) , and is presumably important for phytochrome function.
The amino acid substitution (E-to-K at 812) conferred by phyB-101 affects the structure of the second domain of the phytochrome B apoprotein, causing a predicted increase in the number of a-helices in this region of the protein (Fig. 2) . Comparisons of the amino acid sequences of the phytochrome apoproteins encoded by PHYA, PHYB, PHYC, PHYD, and PHYE reveals that E 812 is identical in all phytochrome apoproteins and is part of a highly conserved C-EWN-AM motif (Sharrock and Quail, 1989; Quail et al., 1991; Clack et al., 1994) . Wild-type and phyB-101 PHYB protein secondary structure predictions. Secondary structure predictions for Arabidopsis phytochrome B apoprotein between residues 780 and 850 according to Gamier et al. (1978) . The position of the 812 glu-to-lys amino acid substitution in phyB-101 is indicated by *. The hydrophihc and hydrophobic regions of the protein predicted by Kyte and Doolittle (1982) are indicated.
PHYB
M Hydrophilicitŷ Hydrophobicity Fig. 3 . Wild-type and phyB-102 PHYB protein secondary structure predictions. Secondary structure predictions for Arabidopsis phytochrome B protein between residues 324 and 385 according to Gamier et al. (1978) . The position of the 349 ser-to-phe amino acid substitution in phyB-102 is indicated by *. The hydrophilic and hydrophobic regions of the protein predicted by Kyte and Doolittle (1982) are indicated.
This degree of conservation suggests that this region plays an important role in phytochrome function. In addition, the mutation in phyB-101 falls within a region of the phytochrome molecule within which regulatory function mutations have been shown to cluster (Quail et al., 1995) . Since the C terminal half of the phytochrome molecule is thought to be involved with signal transduction it is possible that the C-EWN-AM motif plays a crucial role in this process. The amino acid substitution (S-to-F at 349) conferred by phyB-102 also has a marked effect on the predicted secondary structure of the mutant phytochrome B apo-protein (Fig. 3) . S 349 is identical in the apoproteins encoded by PHYA, PHYB, PHYC, PHYD, and PHYE, and lies within a highly conserved region containing the cysteine (C) residue to which the phytochromobilin chromophore is covalently attached (L-STLRAPH-CH-QYM; Lagarias and Rapoport, 1980; Sharrock and Quail, 1989; Quail et al., 1991; Clack et al., 1994) . It is possible that alterations in the secondary structure of this region, such as that conferred by phyB-102, will inhibit the attachment of the phytochromobilin chromophore to the apoprotein (Deforce et al., 1993) , or result in a spectrally disfunctional molecule.
Missense mutations are potentially powerful tools for elucidating the relationship between phytochrome structure and function. Mutational analyses of PHYA and PHYB have identified five missense mutations: phyA-103 (Deheshe/a/., 1993),phyA-205 (Reed et al., 1994) ,phyB-4 ,phyB-101 (this paper), andphyB-102 (this paper). Each of these mutations replaces a residue that is identically conserved between the apoproteins encoded by PHYA, PHYB, PHYC, PHYD, and PHYE (Sharrock and Quail, 1989; Clack et al., 1994) . Thus these residues appear to be crucial for the maintenance of phytochrome function, either because they are directly involved in that function, or because they are responsible for providing the secondary structural framework on which functional residues operate. Recent experiments indicate that phytochromes A and B have distinct, though overlapping, functions (Johnson et al., 1994; Reed et al., 1994; Whitelam and Harberd, 1994) . Continued mutational analysis of the apoproteins of phytochromes A and B may identify residues which are crucial to specific aspects of phytochrome A or B function, rather than to general phytochrome function.
